MXenes, a new class of two dimensional materials with several novel properties, are usually prepared from their MAX phases by etching out the A element using strong chemical reagents. This results in passivation of the surfaces of MXene with different functional groups like O, -OH, -F, etc., which in many cases tend to degrade their properties. In this work, using first principle density functional theory based calculations, we propose a novel method to synthesize pristine Ti 2 C and Ti 3 C 2 MXenes from the bulk titanium carbides with corresponding stoichiometry. Based on the values of cleavage energy obtained from our calculations, we envisage that pristine Ti 2 C and Ti 3 C 2 MXenes can be prepared, using mechanical or sonification-assisted liquid-phase exfoliation techniques, from their bulk phases.
vapour deposition (CVD) method, was used to synthesize 2D layers of α-Mo 2 C. 5 Using this method a ultrathin (few nano meter) layer of α-Mo 2 C was prepared. Similar method was also used to synthesize ultrathin layers of tungsten and tantalum carbides. 19 However, the synthesis of a monolayer of MXene is yet to be demonstrated. 6 A method leading to the realizaton of pristine MXene will be a breakthrough in this field. To this end, in this work, using first principles density functional theory (DFT) based calculations, we have proposed a novel process that uses physical methods to synthesize Ti 2 C and Ti 3 C 2 MXenes from their corresponding titanium carbide bulk phases without using etching agents.
Computational details
All the calculations were performed with the Quantum ESPRESSO (QE) package 20, 21 which is an implementation of DFT in a plane wave pseudopotential framework. The electronelectron exchange and correlation functional was described with the Perdew-Burke-Ernzerhof (PBE) 22 parametrization of the generalized gradient approximation(GGA). To include the van der Waals correction we have used Grimme's dispersion method as implemented in QE.
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The calculations were performed employing kinetic energy cutoffs of 55 and 480 Ry for the wave function and augmentation charge density, respectively. To speed up the convergence, we have used the Marzari-Vanderbilt smearing with a smearing width of 0.007 Ry. 24 We have modelled the surfaces of Ti 2 C and Ti 3 C 2 using six and four layered slabs respectively.
Further, to avoid the interactions between the periodic images we have used a vacuum of more than 16Å along z-axis. We have ensured that this vacuum is maintained even for the case where we have displaced the top most layer to a distance of 10Å from the layer below it to mimic the exfoliation process. The Brillouin zone has been sampled using 12× 12 × 1 k-points for the slab calculation.
To analyse the interlayer interaction in the bulk phases of Ti 2 C and Ti 3 C 2 we have carried out NCI (Non Covalent Interaction) 25, 26 analysis, as implemented in CRITIC2 code, 27,28 on these systems. NCI analysis is based on the electron density, ρ and its reduced density gradient, s, which is defied in the following,
The isosurface of s in 3D have been visualised using VMD. The isosurface is colored (bluegreen-red color scale) according to the value of sign(λ 2 )ρ. Blue indicates the weak attractive interaction and green represents the van der Waals interaction while red shows non-bonding interaction.
The formation energy (E f orm ) of the bulk phases of Ti 2 C has been calculated using the following equation:
where E(T i m C n ) is the energy of the bulk unitcell of Ti 2 C and µ(T i hcp ) and µ(C grap ) are the chemical potentials of Ti and C atoms, respectively. µ(T i hcp ) has been calculated from the bulk HCP phase of Ti and µ(C grap ) is taken from the graphite phase of C. m and n indicate the number of Ti and C atoms in the bulk phase of Ti 2 C, respectively.
Results and Discussion
We begin by noting that amongst the many polytypes of bulk Ti 2 C, the two most stable ones are the trigonal (Figure 1(a) ) and the cubic ( Figure S1 (a)) phases. [29] [30] [31] [32] [33] Depending on the experimental conditions, both these phases have been successfully synthesized. 29, 31, 33 From our calculations we find that, in agreement with previous literature report, 30 the cubic phase is about 0.02 eV/atom more stable than the trigonal phase (Table S1 ). While the cubic phase of Ti 2 C have a sodium chloride structure with the C atoms or vacancy surrounded by the distorted octahedra of Ti atoms, the trigonal phase forms a layered structure of the form Ti-C-Ti, where the Ti atoms in the two hexagonal planes are separated by a plane of C atoms. We note that each Ti-C-Ti layer of the bulk trigonal phase is similar to that of a layer of Ti 2 C MXene (Figure 1(c) ). Moreover, the in plane lattice parameter of 3.08Å of the trigonal phase is also similar to that of the Ti 2 C MXene lattice parameter of 3.01Å .
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Analogous to the layered trigonal structure of bulk Ti 2 C, bulk Ti 3 C 2 also have a layered structure with hexagonal symmetry, the layers being stacked along the (0001) from the bulk trigonal (hexagonal) phase? If this can be achieved, then it will provide a novel route to synthesize highly desirable pristine Ti 2 C and Ti 3 C 2 MXenes. To provide an answer to the above mentioned question it is imperative to understand the nature and strength of the interaction between two MXene layers in the bulk phases of Ti 2 C and Ti 3 C 2 . The charge density distribution between two such layers in the bulk trigonal (hexagonal) phase will provide an indication of the nature and strength of interactions between them. A strong covalent interaction between two layers will result in significant accumulation of charge density between them while weak metallic/van der Waals interaction will result in negligible charge density between two such layers. From the above discussion it is clear that the interlayer interaction in bulk Ti 2 C (Ti 3 C 2 )
is significantly weak which suggest that a single layer can be exfoliated from a slab of Ti 2 C (Ti 3 C 2 ).
(a) Since we have ascertained that the interlayer interactions in bulk trigonal Ti 2 C and hexagonal Ti 3 C 2 is weak, we proceed to compute the energy cost of exfoliating a single layer of Ti-C-Ti or Ti-C-Ti-C-Ti from their corresponding bulk phases. First, we have investigated the exfoliation of Ti-C-Ti layer from the trigonal phase of Ti 2 C. For this purpose we have chosen the (0001) surface of the bulk phase, which is represented by a slab with a thickness of six layers (Slab6) (see Figure S3) . From this slab, we gradually exfoliate the surface Ti-CTi layer by slowly increasing interlayer distance between the surface Ti-C-Ti layer and that below it. At each step we have performed a constrained relaxation keeping the z-coordinate of the C-atom of the exfoliated surface layer and the middle C-atom of the slab fixed. This step-wise detachment of the surface layer is done till the exfoliated layer does not interact with the rest of the slab. The cleavage energy (E cl ) has been calculated using the following equation:
where E(slab6) is the energy of the Slab6 and E d (slab6) indicates the energy corresponding to the Slab6 when the topmost layer is shifted to a distance d away from the Slab6. E cl as a function of d is plotted in Figure 4 . A denotes the area of the surface unit cell. We find that the cleavage energy for the single layer is 1.82 J/m 2 . Moreover, to check whether it is easier to cleave a single Ti-C-Ti layer or two such layers during exfoliation, we have also computed the cleavage energy for the exfoliation of bilayer of Ti 2 C MXene. For the bilayer,
we determine E cl to be 1.78 J/m 2 which is slightly less than that of the single layer. This suggests that during the exfoliation process both bilayers and monolayers will be present.
We note that from two such bilayers, single layers can also be exfoliated. Following similar exfoliation process described above we have calculated the cleavage energy for the exfoliation of Ti 3 C 2 layer from its bulk hexagonal phase. In Figure 4 we have plotted E cl vs d for the case of Ti 3 C 2 . The details of the exfoliation process used in the calculations have been described in the Supporting Information. We found the cleavage energy for the exfoliation of Ti 3 C 2 to be 1.51 J/m 2 , which is 0.31 J/m 2 lower than the corresponding value for the case of Ti 2 C. This indicates that the exfoliation of Ti 3 C 2 MXene from its bulk phase is easier than that for the case of Ti 2 C MXene.
In order to provide a perspective as to how easy or difficult to exfoliate a single layer of Ti 2 C or Ti 3 C 2 , we compare our computed cleavage energy with those reported for other layered materials in literature. For example for exfoliating a single atomic layer thick graphene sheet from bulk graphite the cleavage energy is about 0.37 J/m 2 . 35 This tells us that it is about 4-5 times easier to exfoliate graphene from graphite compared to our systems. In contrast, for exfoliating quasi-two dimensional (more than one atomic layer thick) sheets, for example GeP 3 layer from its bulk, the cleavage energy is 1.14 J/m 2 , which is about 0.68 J/m 2 (0.37 J/m 2 ) higher than that we have observed for Ti 2 C (Ti 3 C 2 ). Although the cleavage energy for exfoliating Ti 2 C (Ti 3 C 2 ) is larger than those observed for exfoliation of material "chromiteen" from naturally occurring mineral chromite (FeCr 2 O 4 ). 37 For both these cases, the exfoliation results in cleavage of strong covalent bonds. This suggests that using similar experimental techniques, it is possible to exfoliate Ti 2 C and Ti 3 C 2 MXenes from their corresponding layered bulk phases. We note that in this case the exfoliation would involve breaking of weaker metallic bonds between the Ti atoms of two interacting Ti-C-Ti or Ti-C-Ti-C-Ti layers depending on the systems.
Conclusions
In summary, we have proposed a novel method to synthesize pristine Ti 2 C and Ti 3 C 2 MXenes by exfoliation of, respectively, Ti-C-Ti and Ti-C-Ti-C-Ti layers from their corresponding layered bulk phases. Based on our computed cleavage energy and some recent experimental reports on synthesis of layered magnetic 2D materials from non-van der Waals solids using sonification-assisted liquid-phase exfoliation method, we suggest that use of similar methods in this case will enable experimentalists to exfoliate highly desired pristine Ti 2 C and Ti 3 C 2 MXenes. We hope that our results will motivate experimentalists to use our proposed methodology to try synthesizing pristine Ti 2 C and Ti 3 C 2 MXenes. 
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Slab Convergence Test
It is found that the five layers of Ti 2 C, which we named as Slab5, is required to achieve the convergence of the thickness of the slab along (0001). In Figure S2 we have plotted the density of the states (DOS) of the middle layer of this slab along with that of the bulk From the Figure S2 (a) it can be observed that the density of the bulk closely matches with that of the middle layer in slab5. This clearly indicates that the Slab5 can mimic a piece of bulk Ti 2 C. For the case of Ti 3 C 2 , it is found that the three layers of Ti 3 C 2 , which we named as (a) (b) Figure S2 : Density of states of (a) Ti 2 C and (b) Ti 3 C 2 .
Slab3, is required to achieve the convergence of the thickness of the slab along (0001). In Figure S2 (b) we have plotted the density of the states (DOS) of the middle layer of this slab along with that of the bulk From the Figure S2 (b) it can be observed that the density of the bulk closely matches with that of the middle layer in slab3. This clearly indicates that the Slab3 can mimic a piece of bulk Ti 3 C 2 .
Exfoliation of Ti 3 C 2 MXene
We have investigated the exfoliation of Ti-C-Ti-C-Ti layer from the trigonal phase of Ti 3 C 2 .
For this purpose we have chosen the (0001) surface of the bulk phase, which is represented by a slab with a thickness of 4 layers (Slab4) (see Figure S3) . From this slab, we gradually exfoliate the surface Ti-C-Ti-C-Ti layer. This is done by slowly increasing interlayer distance between the surface Ti-C-Ti-C-Ti layer and that below it. At each step we have performed a constrained relaxation keeping the z-coordinate of the middle Ti-atom of the exfoliated surface layer and the middle Ti-atom of the slab fixed. This step-wise detachment of the surface layer is done till the exfoliated layer does not interact with the rest of the slab.
